ABSTRACT: The purpose of the study was to compare the inflammatory cytokine and matrix metalloproteinase (MMP) concentrations in synovial fluid after acute plafond fracture with acute tibial plateau fracture. Between December 2011 and August 2014, we prospectively enrolled patients with acute tibial plateau and plafond fractures. Synovial fluid aspirations were obtained from injured and uninjured joints. The concentrations of IL-1b, IL-1RA, IL-6, IL-8, IL-10, MCP-1, TNF-a, MMP-1, -3, -9, -10, -12, and -13 were quantified using multiplex assays. A Bonferroni correction was used so that the adjusted alpha level for significance was p < 0.004. We enrolled 45 tibial plateau fractures and 19 plafond fractures. Mean patient age was 42 years (range, 20-60) and 64% were male patients. There were 24 low-energy (OTA 41B) plateau fractures and eight low-energy (OTA 43B) plafond fractures. There were 21 high-energy (6 OTA 41B3 and 15 OTA 41C) plateau fractures and 11 high-energy (OTA43C) plafond fractures. All cytokines and MMPs except MMP-13 were significantly elevated in plafond fractures compared to uninjured ankles. When comparing acutely injured joints, IL-8 (p < 0.001), IL-1b (p ¼ 0.002), and MMP-12 (p ¼ 0.001) were significantly higher in plafond fractures compared to plateau fractures. Concentrations of IL-1RA (p ¼ 0.008) and MCP-1 (p ¼ 0.005) were higher in plafond fractures, and MMP-10 (p ¼ 0.01) was higher in plateau fractures, but these differences did not reach significance. In conclusion, several cytokines and MMPs were significantly elevated in acute plafond fractures as compared to acute tibial plateau fractures. ß
Plafond fractures are challenging injuries to treat and can be associated with significant patient morbidity. These high-energy fractures are the result of an axial load to the distal tibial articular surface. Surgical treatment for plafond fractures is associated with a high rate of complications including infection, nonunion, and malunion. Along with these other postinjury complications, post-traumatic osteoarthritis (PTOA) is a common sequela of plafond fractures.
The factors influencing the development of PTOA following articular fracture remain poorly understood. Possible risk factors for ankle PTOA include injury severity (variously defined), extent of articular damage, and skeletal devascularization. Given that a 2-mm malreduction of the tibial plafond can result in a nearly 200% increase in surrounding contact pressure, some surgeons would argue that anatomic reduction is also essential to prevent PTOA after a plafond fracture. 1 However, the precise causative agents for the development of PTOA remain ambiguous.
The post-traumatic inflammatory response has been proposed as playing a role in the development of PTOA. 2 Prior studies have demonstrated an elevated inflammatory response following acute tibial plateau fracture. 3, 4 However, the rate of PTOA following tibial plateau fractures is not as high as tibial plafond fractures. 5 The purpose of this study was to evaluate the presence of inflammatory cytokines and matrix metalloproteinases (MMPs) following acute plafond fractures, and to compare this inflammatory response to the inflammatory response following acute tibial plateau fractures. We felt that the differences in cytokine response may help to affirm or refute the possibility of a role of acute inflammatory cytokine response in the formation of PTOA. Our null hypothesis was that there would be no difference in the posttraumatic inflammatory response between acute tibial plateau fractures and acute plafond fractures.
METHODS
This study was a level 2 evidence prospective comparative study. This trial was registered to clinicaltrials.gov (NCT01514643). After receiving Institutional Review Board approval, we prospectively enrolled all patients greater than 18 years of age who presented to our level 1 trauma center identified with a plafond fracture from November 1, 2012 through August 31, 2014. Exclusion criteria included any patient greater than 60 years of age; any history of preexisting ankle osteoarthritis based on previous diagnosis, suggestive history, or radiographic findings; regular use of non-steroidal anti-inflammatory drugs; any history of autoimmune disease; acute contralateral intra-articular ankle injury; open fracture; non-English speaking patient; and injury greater than 24 h prior to evaluation. Basic patient demographic and socioeconomic data were obtained including age, gender, and comorbidities. Fractures were classified based on the AO/OTA classification system. Injury Severity Scores (ISS) were recorded for all patients (17) . Nonosteopenic plafond fractures that were classified as AO/OTA 43-C were considered high-energy injuries. Percentage of articular comminution was calculated using the freehand region of interest tool on the PACS system (iSite PACS, version 3.6.261.0; Koninklijke Philips Electronics, Foster City, CA) by comparing the area of intact joint in the control and injured joints. Fragments <25% of the total joint surface were considered to be comminuted fragments. All patients were treated by one of three fellowship trained orthopaedic traumatologists.
Sample Acquisition
Patients undergoing either spanning external fixation or open reduction internal fixation in the first 24 h following injury had the ankle aspiration from the injured and uninjured extremities obtained in the operating room. Otherwise, the aspirations were performed in the emergency department. Patients who required spanning external fixator followed by definitive fixation were aspirated at both surgeries. After thorough sterile preparation of the skin, both the injured and control joints were injected with 5.0 ml sterile saline and as much fluid as possible was withdrawn. The joint was manipulated to insure that the joint fluid had adequately mixed. We employed various methods to increase the amount of fluid aspirated including joint manipulation, changing the limb position, and expressing the fluid toward the needle until we had aspirated at least as much fluid as was originally injected. A dilutional factor was calculated based on the volume of fluid that was injected as compared to the volume of fluid removed in order to account for differences in joint fluid volume in injured and uninjured ankles (i.e., presence of hemarthrosis in injured joint). Biomarker concentrations were then corrected using this dilutional factor prior to statistical analysis. The synovial fluid was transferred to tubes and combined with protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN). The samples were then centrifuged at 2,500 rpm for 15 min. The supernatant was aspirated, placed in 2.0 ml cryopreservation tubes, and frozen at À80˚C until subsequent analysis.
Cytokine Analysis
The concentrations of IL-1b, IL-1RA, IL-6, IL-8, IL-10, MCP-1, TNF-a, MMP-1, -3, -9, -10, -12, and -13 were quantified using a human inflammatory cytokine panel and the Millipore multiplex system (Millipore, Billerica, MA), following the manufacturer's protocol in a 96-well plate format. The assay utilizes antibodies linked to magnetic beads, and the relative concentration of each sample is analyzed compared to the concentrations of the standard controls provided by the manufacturer. The assays were performed blinded to patient injury and whether sample was from injured or uninjured joint.
Tibial Plateau Fracture Cohort
The patients that formed the tibial plateau fracture group have already been discussed in greater detail. 3, 4 Briefly, the tibial plateau patients were enrolled during a similar study period using the same inclusion/exclusion criteria as the plafond fracture patients. The synovial fluid samples were obtained, processed, and stored using the same methods. The fluid samples underwent the same multiplex assays and were performed using the same instrumentation.
Statistical Analysis
A repeated measures mixed effects analysis of variance was performed to compare mean concentrations of all cytokines, proteins, and enzymes between each patient's injured and uninjured ankles. The profile of the uninjured ankle should provide some baseline for comparison to the injured ankle, hoping to control for systemic inflammatory response. A repeated measures mixed effects analysis of variance was performed to test for the effects of the injury status of the ankle, the surgery time, and the interaction of the injury status and surgery time. Specifically, the same biomarker was measured at the first and second surgery as well as for the injured and uninjured ankles. Since the inflammatory response would be expected to be more uniform within an individual than across individuals, a repeated-measures ANOVA was used for these comparisons. For concentration comparisons between high-and low-energy fractures within 24 h of injury, the mean concentration difference between injured and uninjured ankles was used. Comparisons between ankle and knee aspirations were performed using linear regression of the samples obtained within 24 h of injury. To adjust for the testing of 13 biomarkers, the Bonferroni correction was used so that the adjusted alpha level for significance was 0.05/13 or p < 0.004.
RESULTS
During the enrollment period, 52 plafond fractures were treated at our facility and met inclusion criteria. Thirty-three patients were excluded from analysis. Fourteen patients were excluded due to open injury. Seven patients were excluded due to injury greater than 24 h from initial hospital evaluation. Five patients were excluded for contralateral ankle injury, three patients refused to participate, three patients were non-English speaking, and one patient had preexisting osteoarthritis.
The study cohort consisted of 19 patients (14 males, 5 females) with an average age of 44 years (range, 23-58). There were eight low-energy (OTA 43B) plafond fractures and 11 high-energy (OTA 43C) plafond fractures. The average ISS was 7, and there were two patients with ISS greater than 18.
Injured Versus Uninjured Joint
In comparing injured ankle joint aspirates to uninjured joint aspirates within 24 h of injury, nearly all the inflammatory cytokines, and MMP's were significantly elevated in the injured ankle. Only MMP-13 was not significantly elevated in the injured joint (Table 1) . Additionally, the fold changes between the injured and uninjured joints were impressively higher in the acutely injured joints compared to uninjured joints.
Fracture Energy
With the patient numbers available, we were unable to demonstrate a difference between high-and lowenergy injuries as defined by the AO/OTA classification (Fig. 1) 
Secondary Time Point
In the seven patients who received spanning external fixator followed by definitive fixation, several cytokines, and MMPs were elevated in the injured as compared to uninjured joint. The patients received definitive fixation a mean of 12 days (range, 3-21 days) following initial injury. The concentrations of IL-
, and MMP-13 (p ¼ 0.004) were significantly greater at the time of the second procedure as compared to the uninjured ankle (Fig. 2) . Several other cytokine and MMP concentrations were elevated in the injured ankles, but the difference failed to reach significance with the numbers available. While some of the biomarkers remained elevated or increased from the first procedure to the second procedure, only MMP-13 increased significantly during that time (Fig. 3) .
Acute Plafond Fracture Versus Acute Tibial Plateau Fracture
The acute tibial plateau fracture cohort has been discussed in great detail previously. 3, 4 In comparing the acute plafond fractures with acute plateau fractures, the patient groups were similar with regards to age (p ¼ 0. CYTOKINES PLAFOND AND PLATEAU FRACTURES significantly higher in plafond fractures as compared to tibial plateau fractures (Fig. 4) . Concentrations of IL-1RA (p ¼ 0.008) and MCP-1 (p ¼ 0.005) were higher in acute plafond fractures compared to tibial plateau fractures, but these differences did not reach significance with the numbers available ( Table 2 ). There was a single contrarian to this overall trend, with MMP-10 (p ¼ 0.01) levels lower in acute plafond fractures compared to plateau fractures, but this also did not reach significance.
DISCUSSION
Plafond fractures can be disabling orthopaedic injuries, often associated with poor patient outcomes. Despite achieving anatomic articular reduction and restoring the mechanical axis, a satisfactory outcome may not be the ultimate result. In fact, patient physical function and pain can be worse in patients with a plafond fracture than in patients with much more chronic medical diseases. Additionally, many of these patients have difficulty resuming employment and have difficulty walking or standing without an orthotic or assistive device. 6, 7 While this post-injury morbidity can be related to standard post-operative complications including infection, soft tissue issues, nonunion, malunion, and symptomatic implants, many of the poor outcomes are secondary to the subsequent development of post traumatic arthritis.
PTOA is the most common etiology of ankle osteoarthritis (OA), which makes it unique compared to other joints in the lower extremity. PTOA is the etiology for nearly 80% of the cases of ankle osteoarthritis whereas it is the etiology for hip and knee osteoarthritis in 1.6% and 9.8% of cases, respectively. 8 While the traumatic nature of the injury can vary from ligamentous sprain to fracture, PTOA most reliably occurs after articular fracture. As compared to a rotational ankle fracture, joint arthrosis after a plafond fracture occurs frequently and can develop early in the recovery process. Studies show that ankle PTOA can develop in 40% of patients at 2 years, and can increase to 74% at a minimum of 5 years following a plafond fracture. 9, 10 Treatment for end-stage post-traumatic arthritis for patients with plafond fractures consists of either tibiotalar arthrodesis or ankle arthroplasty. Marsh reported a 12.5% rate of tibiotalar arthrodesis in patients with a minimum of 5-year follow-up. 9 Because PTOA commonly occurs after plafond fracture and primary ankle OA is relatively rare, plafond fractures are ideal injuries for studying PTOA.
The post-injury inflammatory response has previously been described following a variety of injuries to the knee and ankle. 3, [11] [12] [13] [14] Since cytokine and MMP concentrations can change dramatically with time, comparisons between the current study and prior studies are difficult to make as prior studies include injuries that were days to weeks after injury. In the current study, we report significantly greater concentrations of nearly all cytokines and MMPs that were measured in the injured ankle as compared to the uninjured ankle. Similar to the findings by Adams et al., we noted non-significant decreases in IL-6 and IL-10 concentrations from the first surgery to the second surgery in the injured ankle. 13 MMP-13, which is the most aggressive collagenase for digesting Type II collagen, was not significantly elevated after acute plafond fracture compared to the uninjured side. 15 However, MMP-13 significantly increased from initial injury to the second aspiration and it was significantly elevated in the injured ankle compared to the uninjured ankle at the second aspiration. This is consistent with prior studies that suggest that MMP-13 may rely on other factors for upregulation. 4, 15, 16 Targeting the cytokines and chemokines that are involved in MMP-13 upregulation may offer therapeutic strategies to limit MMP-13 accumulation after injury.
PTOA animal models have consistently demonstrated that the post-injury inflammatory response correlates with PTOA development, and that this inflammatory response is modifiable.
14,17-20 While synovial fluid from patients diagnosed with degenerative OA has elevated cytokines, it is unknown whether the inflammatory response was the etiology of the OA or a byproduct of the disease. Perhaps the most interesting finding of the current study is that the inflammatory response was more significant in the acute plafond fractures as compared to the acute plateau fractures. This finding was demonstrated in a similar patient population at a similar time from injury using the same processing methods and data analysis. This difference in inflammatory response is interesting given that PTOA occurs much more commonly after plafond fracture as compared to after plateau fracture. 5 Alternatively, this difference in the inflammatory response between the two fractures may be related to a difference in injury severity or a difference in the overall size of the joint. While we were unable to demonstrate a statistical difference in the number of high-energy injuries in each group, there was a higher percentage of high-energy plafond fractures than high-energy plateau fractures. With that being said, neither this study nor prior studies have been able to demonstrate a relationship between biomarker concentration and radiographic classifications.
The post-injury inflammatory cascade is a complex and dynamic process composed of local tissue injury and immunologic response that is influenced by cytokines, chemokines, proteins, stem cells, and immunologic cells. In the current study, similar to prior articular injury studies, we analyzed concentrations of cytokines, chemokines, and MMP's present in the joint after injury. This analysis may not provide a complete picture of the pathomechanistic changes that could be linked to injuryassociated inflammation. Studies in the trauma literature investigating the complexities of the inflammatory response as it relates to sepsis and multiple organ dysfunction syndrome have used both data-driven and mechanistic mathematical models to better characterize the chemical and cellular interactions. 21, 22 Using these additional computational methods may provide a more complete representation of the dynamic cellular processes at the chondrocyte level. This additional analysis will likely be incorporated in future studies.
Limitations of the study include our lack of serum results and our dilution factor methodology. We chose to not compare our synovial fluid aspiration results with serum results as prior studies have failed to demonstrate a correlation between serum and synovial levels. In order to account for the effects of systemic trauma, the authors chose to compare the injured ankle with the uninjured ankle. Our use of ankle lavage to obtain synovial fluid samples may impact comparisons between this study and previous studies as many other studies report only synovial fluid aspiration. However, ankle lavage is necessary to obtain fluid from a normal ankle joint. Dilution factor correction using urea in the setting of arthritis has been previously described, but this correction has not been validated after a traumatic injury with associated hemarthrosis. Our dilution factor calculation assumed that we were able aspirate all of the fluid present in the joint, which may have not been the case. Additionally, our definition of high-energy versus low-energy fracture was arbitrary as there is no true consensus on what represents a high-energy fracture. While most orthopedic trauma surgeons would consider bicondylar tibial plateau fractures and C-type pilon fractures high energy, there are certainly lateral, unicondylar plateau fractures, and B-type pilon fractures that may be high-energy. Our definition of high-energy may have impacted the finding that we were unable to detect a difference in the inflammatory marker concentration between high-energy and low-energy injuries. Some researchers have begun to quantify fracture energy through CT scans and this may be a more objective method of comparing energy of injury. 23, 24 Also, while we only included patients who were less than 24 h from injury, inflammatory cytokines concentrations can change within a matter of hours. In this study, the timedependent concentration alterations may be limited by CYTOKINES PLAFOND AND PLATEAU FRACTURES our narrow inclusion criteria and by the fact that our biomarker measurements were done on joint fluid from a relatively closed compartment. Finally, we do not have any long-term aspirations that provide information on whether these cytokines and MMPs remain elevated and/or correlate with the ultimate development of PTOA.
In conclusion, this is the first study to analyze the synovial fluid cytokine profile after acute tibial plafond fracture. We have demonstrated that several cytokines and MMPs are significantly elevated in the injured ankle and that several of these biomarkers remained elevated with time. Additionally, this is the first study to compare the inflammatory response between acute intra-articular fractures of different joints. We demonstrated that the inflammatory response in acute plafond fractures was significantly greater than in acute tibial plateau fractures. Given the frequency of PTOA in plafond fractures, this may be another indication that the post-injury inflammatory response may be related to the development of PTOA. Whether or not this acute inflammatory response transitions into a chronic inflammatory state may also play a role in whether a patient ultimately develops PTOA. However, we do not have long term data investigating this. The next step is to follow these patients over time and determine if any of these cytokine and MMP elevations are related to the development of PTOA.
AUTHORS' CONTRIBUTIONS
JH, LM, DR, EK, and TH all worked on conception and study design. JH and LM performed sample acquisition and data testing. All authors played a role in data analysis and interpretation. JH and LM drafted the manuscript. All authors played a role in critical review and revision of final manuscript for important intellectual content.
